Smaller medial temporal lobe volume is a frequent finding in studies of patients with schizophrenia, but the relative contributions of the hippocampus and three surrounding cortical regions (entorhinal cortex, perirhinal cortex, and parahippocampal cortex) are poorly understood. We tested the hypothesis that the volumes of medial temporal lobe regions are selectively changed in schizophrenia. We studied 19 male patients with schizophrenia and 19 agematched male control subjects. Hippocampal and cortical volumes were estimated using a three-dimensional morphometric protocol for the analysis of high-resolution structural magnetic resonance images, and repeated measures ANOVA was used to test for region-specific differences. Patients had smaller overall medial temporal lobe volumes compared to controls. The volume difference was not specific for either region or hemisphere. The finding of smaller medial temporal lobe volumes in the absence of regional specificity has important implications for studying the functional role of the hippocampus and surrounding cortical regions in schizophrenia.
Introduction
Medial temporal lobe pathology is one of the most consistent findings in post-mortem and neuroimaging studies of patients with schizophrenia. [1] [2] [3] [4] In particular, structural neuroimaging studies have reported smaller hippocampal volume in schizophrenia. 5, 6 A meta-analysis of 18 quantitative magnetic resonance imaging (MRI) studies 5 found a subtle (4%), yet significant, bilateral hippocampal volume reduction in patients with schizophrenia. A more recent meta-analysis of 58 MRI studies concluded that regional volume reductions in excess of global differences (i.e., smaller cerebral volume and larger ventricular volume in schizophrenia) were particularly marked in bilateral medial temporal lobe regions (i.e., amygdala, hippocampus, and parahippocampal gyrus). 6 The details of medial temporal lobe volume reduction in schizophrenia, however, remain poorly understood. For example, are hippocampus and parahippocampal gyrus equally affected in schizophrenia? Are the three cortical regions of the parahippocampal gyrus (i.e., the entorhinal and perirhinal cortices anteriorly, and the parahippocampal cortex posteriorly) differentially affected in schizophrenia? Since the existing evidence for parahippocampal gyrus volume change is inconclusive, with some studies reporting reduced volume in schizophrenia [7] [8] [9] [10] [11] and others reporting no significant changes, [12] [13] [14] [15] [16] we decided to study the volume of the three parahippocampal gyrus regions in greater detail. There are at least three reasons to explore a differential pathology of the medial temporal lobe in schizophrenia: connectivity, function, and differential susceptibility to injury. First, the three cortical regions of the parahippocampal gyrus establish distinct connectivity profiles with the neighboring hippocampus and the cerebral cortex. 17 All unimodal association areas send information to largely nonoverlapping regions of the perirhinal and parahippocampal cortices. Most of this sensory information is then relayed via the entorhinal cortex to the hippocampus, while a small, yet significant, contingent reaches the hippocampus directly. This architecture ensures a significant role of the perirhinal and parahippocampal cortices in hippocampal information processing. 18 The entorhinal cortex receives, in addition to the strong projections from the neighboring perirhinal and parahippocampal cortices, polysensory input from multimodal association areas in the medial and lateral frontal lobes, cingulate cortex, and retrosplenial cortex. This makes the entorhinal 1 cortex the major gateway of unimodal as well as multimodal information into the hippocampus. In addition, most of the hippocampal projections back to the cortex are relayed via the entorhinal cortex as well. 19 Second, the hippocampus and surrounding cortical regions subserve related yet distinct functions during the encoding of stimuli into memory and during subsequent retrieval. 18, 20, 21 For example, the parahippocampal gyrus and hippocampus make different contributions to single-item versus associative memory and to the detection of novelty. [22] [23] [24] [25] [26] Selective impairments of either the hippocampus or surrounding cortical regions could result in mental representations and memory deficits similar to those seen in schizophrenia. [27] [28] [29] [30] Third, medial temporal lobe regions are differentially susceptible to pathological changes. Prominent examples include the selective vulnerability of hippocampal sectors to hypoxia 31 and glucocorticoid damage, 32 and the prominent role of entorhinal cortex lesions in the early stages of Alzheimer's, Parkinson's, and Huntington's disease. 33, 34 Considering these anatomical, functional, and etiological implications of selective medial temporal pathology, we tested the hypothesis of differential volume changes in hippocampus, entorhinal cortex, perirhinal cortex, and parahippocampal cortex in a cohort of male patients with schizophrenia.
Methods

Subjects
We studied 19 male patients with a DSM-IV diagnosis of schizophrenia and 19 healthy male controls. The patients were consecutively recruited from an outpatient schizophrenia clinic in Boston. Confirmation of the diagnosis was made for all patients by clinic psychiatrists using the Structured Clinical Interview for DSM-IV Disorders (SCID). 35 All patients had chronic illness (mean duration of illness ± SD = 21.1 ± 6.7 years), were maintained on a stable dose of antipsychotic medications (16 on second-generation antipsychotics, three on first-generation antipsychotics), and did not have their medication withdrawn for the purpose of the study. There was no history of any significant neurological illness such as seizure disorder, head trauma, or cerebrovascular accident, and no subject met DSM-IV criteria for alcohol or other substance abuse within the past three months.
Nineteen age-matched healthy male controls were recruited from the community by advertisements. Control subjects were free of any Axis I psychiatric disorder as determined by SCID and had no history of any major neurological illness, medical illness, substance abuse, or psychotropic medication use. All the subjects were right-handed.
The study protocol was approved by the Institutional Review Boards of both Massachusetts General Hospital and the Commonwealth of Massachusetts Department of Mental Health. Written, informed consent was acquired from all the participants after a detailed explanation of the study procedures, and a brief questionnaire was also administered to ensure understanding of the major risks and benefits of participation. Demographic and clinical characteristics of the sample are shown in Table 1 . We tested for group differences with the student t-test for normally distributed and the non-parametric MannWhitney U test for non-normally distributed continuous data. Controls had a significantly higher level of education (z = ÿ2.72, p = 0.007) and verbal IQ (t = 4.00, df = 35, p < 0.001) compared to the patients with schizophrenia. The two samples did not differ in age (t = ÿ0.95, df = 36, p = 0.48) or mean parental education (z = ÿ0.47, p = 0.64).
MRI Acquisition
Magnetic resonance images were acquired on a 1.5T whole-body MRI scanner (Siemens, Munich, Germany). Stability of a high signal-to-noise ratio was ensured through a daily automated quality-control procedure. After automated scout and shimming procedures to optimize field homogeneity, total brain volume was measured with a high-resolution, 3D MPRAGE sequence that obtained 128 contiguous sagittal slices of 1.3 mm thickness (TR = 2.5 s, TE = 3 ms, FOV 2 = 256 mm, NEX = 1, flip angle = 7°). The in-plane resolution was 1.3 3 1.0 mm.
MRI Preparation
Image analyses were performed on a Linux workstation. To maximize volume measurement accuracy, 36 the images were resampled into 1 mm isotropic voxels and standardized Talairach coordinates. 37 Transformation parameters were determined by a fully automated technique. 38 Morphometric analysis was performed using 80 and APA. 81 Hippocampal and Parahippocampal Volumes in Schizophrenia an interactive software package (DISPLAY) developed at the Brain Imaging Centre of the Montreal Neurological Institute. This program allows simultaneous viewing and segmentation of volumes with reference to the coronal, sagittal, and horizontal orientations. Image rendering within the analysis program was constrained to a grayscale spectrum that yielded optimal contrast between the gray matter, white matter, and cerebrospinal fluid across the cases. This morphometric protocol was adapted from recently published methods of parcellation of the hippocampus and parahippocampal gyrus that were designed to maximize reproducibility.
37,39
Hippocampal and Parahippocampal Segmentation
Details of the hippocampal segmentation are described elsewhere. 40 The parahippocampal gyrus includes the entorhinal, perirhinal and parahippocampal cortices (see Figure 1) . The boundaries of these cortices were delineated with relation to the collateral sulcus, calcarine sulcus, hippocampus, amygdale, and frontotemporal junction. The posterior extent of the parahippocampal cortex was defined by the presence of the hippocampus in the coronal plane. Its anterior extent was defined as the coronal section 4 mm posterior to the most posterior coronal section containing the hippocampal uncus. Its inferolateral extent was the lateral edge of the collateral sulcus. If two collateral sulci were present, then the parahippocampal cortex extended to the fundus of the more lateral sulcus. If the calcarine sulcus was present, then the supero-medial border of the parahippocampal cortex was defined as the inferior edge of the calcarine sulcus. Anterior to the calcarine sulcus, the supero-medial border of the parahippocampal cortex was taken to be the hippocampus.
The perirhinal and entorhinal cortices were located anterior to the parahippocampal cortex. Their anterior extent was defined by the presence of the collateral sulcus and the frontotemporal junction. The lateral extent of the perirhinal cortex was defined in a manner consistent with that of the parahippocampal cortex. The medial extent of the perirhinal cortex was defined as half the depth of the medial bank of the collateral sulcus. The entorhinal cortex was located immediately medial to the perirhinal cortex. Its medial extent was defined by the presence of the hippocampus or amygdala in the anterior sections.
All regional brain volumes were adjusted for intracranial cavity (ICC) volumes in Talairach space, by computing the ratio (regional brain volume in mm 3 /ICC volume in mm 3 ). The ICC volumes were measured using an automated, in-house technique (Freesurfer). 41 There was no significant difference in ICC volume between the patients and controls (1.616 ± 0.118 3 103 cm 3 versus 1.619 ± 0.129 3 103 cm 3 : t = 0.09, df = 36, p = 0.94). The results were identical for ICC volumes in native space.
Reliability Assessment
The test-retest (intra-rater) reliability of the measurement technique for the hippocampus and parahippocampal gyrus was assessed by repeated measurement of two sets four randomly selected subjects (two from controls and two from patients) over a minimum interval of two weeks. Using a two-factor random-effect model for intraclass correlation coefficient calculation, 42 alpha values were greater than 0.96 for the left and right regional brain volumes. Interrater reliability evaluation performed on a separate subset of four subjects (two from controls and two from patients) revealed alpha values of greater than 0.90 for all left and right regional brain volumes.
Statistical Analysis
Data were analyzed using the Statistical Package for Social Sciences-PC version 11.0 (SPSS Inc, Chicago). For the purpose of statistical analyses, all volumes were transformed (in scale but not in orientation) from Talairach to native space using the x,y,z scaling factors of the linear transformation. The native volumes of the hippocampi and parahippocampal subregions (corrected for ICC volumes) were then subjected to repeated measures analysis of variance, using diagnosis (control versus schizophrenia) as between-group factor and both hemisphere (left versus right) and subregions (hippocampus, parahippocampal, perirhinal, and entorhinal cortices) as within-group factors. Significant main effects and interactions were then explored with post hoc t-tests.
We explored the relationship of medial temporal lobe volumes with continuous clinical measures (duration of illness, severity of psychopathology, and medication dosages). Correlations for normally distributed data were made with linear regression (Pearson's r), and non-normally distributed data were correlated with a rank-method (Spearman's r s ). Statistical significance was set a priori at alpha of 0.05 (two-tailed).
Results
Two main effects explained significant variance components of the medial temporal lobe volumes: diagnosis (i.e., healthy controls had greater volumes than patients) (F(1, 36) = 7.32, p = 0.01) and region (F(3,34) = 99.35, p < 0.001). The significant volume difference between the two groups was not specific for any of the regions (diagnosis by region interaction: F(3,34) = 0.67, p = 0.58) or for hemisphere (diagnosis by hemisphere interaction: F(1,36) = 0.69, p = 0.41 and diagnosis by hemisphere by region interaction: F(3,34) = 2.65, p = 0.06). Post hoc t-tests revealed that left (t = 2.26, df = 36, p = 0.03) and right (t = 2.85, df = 36, p = 0.007) hippocampal volumes were significantly larger in healthy controls, whereas volume differences of the left and right entorhinal cortex (t = 1.72, df = 36, p = 0.09; t = 1.82, df = 36, p = 0.08), perirhinal cortex (t = 1.25, df = 36, p = 0.22; t = 1.58, df = 36, p = 0.12), and parahippocampal cortex (t = 1.50, df = 36, p = 0.14; t = ÿ0.37, df = 36, p = 0.71) did not reach statistical significance (see Table 2 and Figure 2 ).
We found a region by hemisphere interaction (F(3,34) = 9.25, p < 0.001) with post hoc t-tests demonstrating that, within the entire cohort of subjects, right hippocampus volume was larger than the left (t = ÿ3.70, df = 37, p = 0.001), and the left parahippocampal cortex volume was larger than the right (t = ÿ3.01, df = 37, p = 0.005). Alternate analyses using the Talairach volumes yielded results that were identical to the results based on native volumes. The main findings also did not differ when age was included as a covariate in the repeated measures analysis of variance.
Within the patient group, the severity of psychopathology (total PANSS scores) correlated positively with right hippocampal volume (r s = 0.48, p = 0.038). There was no significant correlation between the duration of illness or medication dosages (daily chlorpromazine equivalents) with any hippocampal or parahippocampal subregional volume.
Discussion
Our study replicates previous findings of smaller medial temporal lobe volume in patients with schizophrenia, but refutes the hypothesis that this volume change is regionally specific to either left or right hippocampus, entorhinal cortex, perirhinal cortex, or parahippocampal cortex. To the best of our knowledge, this is the first study examining the differential involvement of these four medial temporal lobe regions within a cohort of patients with schizophrenia.
The lack of regional specificity (as revealed by the repeated measures ANOVA) suggests that all four regions contribute to the well-known finding of smaller medial temporal lobe volume in schizophrenia. This is not entirely surprising, in view of the close and integrated anatomical and functional relationship of the parahippocampal subregions with the hippocampus. 19, 43, 44 However, previous studies have typically limited their search to either the hippocampus or the parahippocampal gyrus, leading to models of primarily hippocampal 27, 28, 30, 45, 46 or parahippocampal pathology 29, [47] [48] [49] in schizophrenia. The more generalized volume change detected in our study is more consistent with a pathological process that affects the hippocampus as well as the parahippocampal gyrus within the medial temporal lobe. This has relevance for neural models explaining psychosis and cognitive deficits of schizophrenia with regionally specific deficits of the hippocampus or parahippocampal gyrus. 29 Although we did not find any evidence for regionally specific volume loss in schizophrenia, a comparison of the relative effect sizes revealed that they are greatest for the hippocampus, followed by the entorhinal, perirhinal, and parahippocampal cortical regions (see Figure 2 and the confidence intervals in Table 2 ). Within the parahippocampal gyrus, the mean differences were largest for the entorhinal and perirhinal cortex, but these differences did not reach statistical significance in post-hoc t-tests. We may be underpowered to detect between-group differences, especially in the extrahippocampal subregions, in view of the greater amount of variance within these subregions. For example, based on the mean volumes, standard deviation, number of subjects in each group, and alpha error value of 5%, we found the power to find a significant difference to be 57% for the right entorhinal cortex and 89% for the right hippocampus. It is possible that a larger study sample would reveal significant group differences not only of hippocampal, but also of parahippocampal, perirhinal, and entorhinal cortex volumes. This would only strengthen our main finding: i.e., that the volumes of hippocampal and extrahippocampal regions within the medial temporal lobe are similarly affected in schizophrenia. The large variance in parahippocampal gyrus regional volumes may also be due to the variable pattern of the collateral sulcus. 50 However, a previous study did not find a significant difference in collateral sulcus variability between control and schizophrenia subjects. 51 The changes of entorhinal cortex volume reported in this study are consistent with previous reports of decreased parahippocampal gyrus 52, 53 and entorhinal cortex 54 volumes, as well as abnormalities of cytoarchitecture, spatial distribution, neuronal size, and neuron number of the entorhinal cortex. 47, 48, 55, 56 We did not find significant diagnosis by hemisphere or diagnosis by hemisphere by region interactions, indicating that medial temporal lobe volume reduction in patients with schizophrenia is not specific to one hemisphere. This is contrary to the hypothesis of Crow et al., 57, 58 but consistent with other studies. [59] [60] [61] [62] In particular, two earlier reports studying solely male patients with schizophrenia 59,62 also did not find a diagnosis by hemisphere interaction. We did find a right greater than left hippocampal volume asymmetry in both control and schizophrenia subjects, which is consistent with previous studies. 4, 38, 39 The medial temporal lobe is vulnerable to both genetic and environmental insults. 63, 64 This is supported by earlier findings that the hippocampal formation is susceptible to injury during pregnancy and perinatal events such as birth complications, 65 viral infection, 66 and stress, 67 with likely involvement of the surrounding parahippocampal regions. On the other hand, insults to the parahippocampal gyrus could secondarily affect the hippocampus. For example, a disturbed architecture of entorhinal cortex neurons could lead to abnormal connections with the hippocampus, 48 as in Alzheimer's disease 68, 69 and some forms of epilepsy, 70, 71 where the point of initial pathology is located in the parahippocampal subregions. The interaction between genetic and environmental factors may act synergistically and predispose the medial temporal lobe regions toward volumetric changes in schizophrenia, 64 and conversely, the volumetric changes in the medial temporal lobe regions may further interact with genetic and environmental factors, leading to the greater vulnerability for the development of subsequent psychopathology. 72 It is not clear whether the positive correlation of an overall psychopathology score with right hippocampal volume is related to previously described neuroplastic and compensatory effects within the hippocampus. 73 However, the lack of correlation between the entorhinal cortical volumes and the severity of psychopathology is consistent with the findings of Joyal et al., 74 but not that of Prasad et al., 10 although both studies focused on patients with first-onset schizophrenia. The lack of correlation between duration of illness and medial temporal lobe structures was also reported in other studies 60, 75, 76 and could be evidence for a non-progressive pattern of volume change in schizophrenia. 75, 77 There are several limitations to this study. We studied only chronic, treated, male patients with schizophrenia. The relatively homogeneous study sample might have limited our ability to find the pattern of medial temporal lobe pathology present across the full range of patients with schizophrenia and could have limited our ability to detect significant relationships between regional brain volumes and clinical variables. Studies using a similar parcellation of hippocampus and parahippocampal gyrus in female patients and in first-episode patients are necessary to assess the effect of gender, duration of illness, and possibly medication. However, previous studies have already demonstrated smaller hippocampal 78 and entorhinal 10, 74 cortex volumes in first-episode patients of either gender, making it less likely that our findings are explained by gender, medication, or the stress of a long psychotic illness. We also did not study the cognitive correlates of hippocampal versus parahippocampal gyrus deficits, which could provide further evidence for patterns of medial temporal lobe pathology in schizophrenia.
In conclusion, using a reliable parcellation protocol, we replicated the well-established finding of smaller medial temporal lobe volumes in schizophrenia, but we did not find evidence for regional or hemispheric specificity. This has anatomical and functional implications, which must be considered when studying the etiology and mechanisms of medial temporal lobe pathology in schizophrenia.
